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Abstract: Optimum thermal comfort and good indoor air quality (IAQ) is important for occupants.
In tropical region offices, an air conditioner is indispensable due to extreme high temperatures.
However, the poor ventilation causes health issues. Therefore, the purpose of this study was to
propose an improving IAQ method with low energy consumption. Temperature, relative humidity,
and CO2 and CO concentration were monitored in a poorly ventilated office for one year to observe
seasonal variation. The results showed that the maximum CO2 concentration was above the
recommended level for comfort. Simple ventilated practices and placing a number of Sansevieria
trifasciata (S. trifasciata) plants were applied to improve the IAQ with the focus on decreasing CO2

concentration as well as achieving energy saving. Reductions of 19.9%, 22.5%, and 58.2% of the CO2

concentration were achieved by ventilation through the door during lunchtime, morning, and full
working period, respectively. Placing S. trifasciata in the office could reduce the CO2 concentration
by 10.47%–19.29%. A computer simulation was created to observe the efficiency of simple practices
to find the optimum conditions. An electricity cost saving of 24.3% was projected for the most
feasible option with a consequent reduction in global warming potential, which also resulted in
improved IAQ.

Keywords: computational fluid dynamics; CO2 concentration; indoor air quality; Sansevieria
trifasciata; ventilation

1. Introduction

In tropical regions, where the mean annual temperature (T) exceed 30 ◦C, [1,2], air conditioning
(AC) is often used in buildings to make the conditions more comfortable for occupants and it can be
found in commercial buildings, government buildings, factories, universities, schools, and homes. AC
is often used in closed rooms with low ventilation in order to prevent ambient air pollution [3], caused
by high occupancy [4] as well as to maintain low T and save energy [5]. The desire to save energy
and a lack of awareness regarding health and safety issues relating to indoor air quality (IAQ) have
resulted in rooms being designed in tropical countries, including Thailand, which allow for all doors
and windows to be closed, causing poor ventilation, particularly in hotels [6]. Gases that are generated
in closed rooms, which cannot be effectively ventilated can increase to harmful levels, resulting in
negative health effects [7], especially for office workers, who spend most of their working hours inside
buildings [8].

Atmosphere 2020, 11, 271; doi:10.3390/atmos11030271 www.mdpi.com/journal/atmosphere

http://www.mdpi.com/journal/atmosphere
http://www.mdpi.com
http://www.mdpi.com/2073-4433/11/3/271?type=check_update&version=1
http://dx.doi.org/10.3390/atmos11030271
http://www.mdpi.com/journal/atmosphere


Atmosphere 2020, 11, 271 2 of 16

Keeping windows open or using a ventilation fan can improve IAQ, but energy consumption is
thereby increased, since AC systems have to work harder to maintain the indoor T within a comfortable
range. Therefore, an important aspect of room design is how to sustain good IAQ and thermal
comfort with low energy consumption. An additional benefit from low energy use is the reduction
of greenhouse gas (GHG) emissions due to human activities, which are a cause of climate change. It
is now generally accepted that GHG emissions have a considerable impact by raising ambient T [9],
which results in higher energy use for air conditioning to make rooms comfortable for their occupants,
thus creating a vicious circle.

However, poor indoor air quality is not only associated with closed rooms, but it can also result
from errors in the design of ventilation systems, which can introduce pollutants from outside into
indoor areas [10]. Major indoor air pollutants that have been studied include PM2.5, PM10, O3, CO2,
CO, NO2, NH3, volatile organic compounds (VOCs), and aldehydes, which can be derived from a
number of potential sources [11–15]. Moreover, in addition to physical pollutants, biological pollutants,
such as bacteria, fungi, and mold, can be suspended in indoor air in the form of particles and they
are considered to be indoor air pollutants [16,17], and people in buildings affected by indoor air
pollutants are at risk of acquiring sick building syndrome (SBS). The symptoms of SBS are various and
non-specific, but they include tiredness, feeling unwell, itching skin, high blood pressure, and heart
rate, and even difficulty in concentrating. Sometimes, these effects are rapidly relieved after leaving
the building [11,15,18], but this may not be an option for those affected.

In this study, the air quality and comfort parameters that were selected for study were relative
humidity (RH), T and CO2 concentration, and how they affect the proper design of rooms [19]. Also
included is the CO concentration as a representative outdoor air pollutant generated by incomplete
combustion of fossil fuels [9], being mostly derived from automotive exhaust fumes from roads and
parking areas around buildings.

A high RH content in the ambient air can result in the low evaporation of perspiration from the
surface of human skin with a consequent reduction in the excretion of substances by evaporation [20].
Further, exposure to high T has been found to not only affect work performance, but also to result in
symptoms, such as mental fatigue and changes in blood pressure [21]. In addition, inhaling excessive
amounts of CO2 above 10,000 ppm can cause a condition that is known as acidosis (low pH of blood:
<7.35), in which the body’s defense mechanisms are stimulated, resulting in, e.g., an increase in
breathing rate and volume and high blood pressure and heart rate [12]. Exposure to CO2 levels of
approximately 50,000 ppm can lead to the failure of the central nervous system (brain and spinal cord),
possibly causing death [22]. On the other hand, breathing high levels of CO can lead to death due to
tissue hypoxia, as CO can bind to hemoglobin more effectively than oxygen [23].

The results of research that was conducted by NASA’s environmental scientists into the
improvement of IAQ while using plants was published in 1989, with a number of houseplants
being tested as a means of treating indoor air pollution by removing trace organic pollutants from the
air in closed environments in energy-efficient buildings. The organic chemicals tested consisted of
benzene, trichloroethylene, and formaldehyde, and the scientific names of the plants investigated were
Chamaedorea seifritzii, Aglaonema modestum, Hedera helix, Ficus benjamina, Gerbera jemesonii, Deacaena
deremensis, Deacaena marginata, Dracaena massangeana, Sansevieria laurentii, Spathiphyllum, Chrysanthemum
morifollum, and Dracaena deremensis [24]. Among the plants that are generally found in tropical regions
is Sansevieria laurentii (mother-in-law’s tongue), which is a size that is suitable for a small office and it
was selected in this study to test its effect on IAQ improvement.

IAQ has been an important issue in Europe and America since the 18th century [4]. However,
there has been relatively limited research on the topic in Association of South East Asean Naitons
(ASEAN) countries [15,25] and few long-term studies have been conducted [26]. The main aim of
this research was to improve the IAQ of an air-conditioned office in Thailand with a poor ventilation
system by practicing simple ventilation operations and locating the mother-in-law’s tongue plants in
the office, with the second aim of achieving lower energy consumption. Another beneficial outcome of
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this study was finding ways of reducing GHG emissions that are associated with the use of electricity.
In this paper, alternative energy-saving scenarios are presented to demonstrate the effectiveness of
simple operations in reducing GHG emissions and improving IAQ for office workers.

2. Experiments

2.1. Studied Site

The study site was an air-conditioned office in Valaya Alongkorn Rajabhat University under the
Royal Patronage (VRU), which is located in Pathum Thani province, a suburban area 15 km north of
Bangkok, Thailand at 14◦8.004′ north latitude and 100◦36.961′ east longitude, with the site, on average,
5 m above sea level. The office was located on the second floor of a four-story building that was
surrounded by a parking area. The room dimensions were: Length ×Width × Height of around 4 m ×
10 m × 3 m for six occupants. The office was air conditioned with the only means of ventilation being a
door, leading to open corridor, which was generally closed to maintain a low T and save energy. The air
conditioner was a wall mounted type with cooling capacity 36,000 Btu/hour (Daisenko International
Co., LTD., Thailand). Figure 1 presents a diagram of the office.
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Figure 1. Diagram of the office.

2.2. Measurement of IAQ Parameters

Data were collected in the air-conditioned office for approximately one year from May 2017 to
May 2018 to indicate the quality of the indoor air by the recommended levels of the American Society
of Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE) [27]. RH, T, CO, and CO2 were
monitored every minute using a FLUKE 975 AirMeter, a portable device for the measurement of
IAQ. The specifications of the measurement device are, as follows; CO2: accuracy ± 2.75%, range 0 to
5000 ppm; CO: accuracy ± 5% or ± 3 ppm at 20 ◦C and 50% RH, range 0 to 500 ppm; T: accuracy ±
0.5 ◦C from 5 ◦C to 40 ◦C, range −20 ◦C to 50 ◦C; and, RH: accuracy ± 2%, range 10% to 90% RH [28].
The device was installed on the desk in the middle of the room, at the same height as the breathing
zone during working hours.

2.3. Simple Ventilation Practices for Improving IAQ

After obtaining the results of the one-year observation, four different systems were implemented
in June 2018 during working hours (9:00–17:00) to discover the simplest and most efficient means of
removing stale air from inside the room, and introducing fresh air from outside. The experimental
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condition was conducted in real practice where people in the office were working and doing activities
as usual. The four systems tested were as follows: Case 1: the AC was turned on all day (normal case)
from 1–7 June, Case 2: the AC was turned off during the lunch hour (12:00–13:00) from 8–14 June, Case
3: the AC was turned off for half a day (9:00–13:00) from 15–21 June, and Case 4: the AC was turned off

all day (9:00–17:00) from 22–28 June. The statistical analysis was analyzed by one way ANOVA to
consider among four cases at confidential level 95% (p < 0.05) by Statistic 8 Software (Version 8, USA).

For Case 3, it was decided to turn off the AC in the morning, because the high T in the afternoon [2]
had a negative effect on work efficiency. Turning off the AC all day (Case 4) could not realistically be
applied, since it would probably result in problems, such as heat strain. This system was included to
establish the maximum rate of full-day ventilation with the AC turned off, the door constantly opened,
and an electric fan mounted on the ceiling turned on.

An assessment of the envelope air permeability of the room was obtained by the infiltration rate,
which was calculated by the following equation:

Q = −
V
t
× ln
[

Ct −Cext

C0 −Cext

]
where, Q is infiltration rate of air entering the room, V is volume of air in the office (m3), t is time
interval (s), Ct is indoor concentration of CO2 at time t (ppm), Cext is concentration of CO2 in the
ambient air (ppm), and C0 is indoor CO2 concentration at time 0 (ppm) [29,30].

The volume of air in the office (V) was calculated from the size of the room (4 m x 10 m x 3 m),
Interval (t) was 3600 seconds from hourly average data, Cext was average monitoring outdoor CO2

concentration at 430 ppm, Ct was the monitored CO2 concentration at time t (i.e., 18:00), and C0 was
the monitored CO2 concentration at one hour before t (i.e., 17:00). The frequency of measurement
was every one minute, so the raw data were calculated to hourly data for both indoor and outdoor
CO2 concentration. The indoor CO2 concentration was obtained by monitoring inside the office at
1 m height or nose level while people were sitting. The condition in the room was no plant and no
ventilation for a long period. The door was opened when people came in and went out in a short time,
not over one minute. The outdoor CO2 concentration was monitored at 1.5 m above ground level in
the ambient air.

2.4. Sansevieria Trifasciata for IAQ Improvement

Another option tested for improving IAQ was locating the mother-in-law’s tongue plants in
the office to reduce the CO2 concentration in the ambient air through their photosynthesis. In this
experiment, the S. trifasciata was put in a pot that contained soil. The plant was watered twice a week.
The experiments were conducted by monitoring the air quality for six conditions, as follows: 0, 2, 3, 4, 5,
and 6 Mother-in-law’s tongue plants with three replicates for each case. The plants were placed on the
floor near the desks where people worked, as shown in Figure 1. The number of plants was limited by
the space of the rooms in which they were located. The IAQ was monitored from March to April 2019
for 24 hours each day to observe the amount of CO2 that the plants consumed for photosynthesis
during the daytime and to establish the amount that they released through respiration at night. RH,
T, CO, and CO2 were monitored by indoor air meter (FLUKE 975 AirMeter, USA) every minute. We
monitored CO2 in a real situation to represent working activities or business as usual in tropical areas.
Only the room temperature was controlled by air conditioner to comfort people at 25-degree Celsius,
which was the general setting temperature in tropical countries.

2.5. Numerical Study

In addition to the measurement of the IAQ, a simulation was performed to estimate the efficiency
of the office ventilation while using the computational fluid dynamics (CFD) software system, ANSYS
Airpak 3.0.16 (Fluent Inc., Lebanon, NH, USA). Airpak simulation software has been broadly applied
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for numerical simulation of the indoor air alteration under conditions [31–34]. Based on the finite
volume method, Airpak uses the FLUENT CFD solver engine for the thermal and fluid-flow calculations
to solve equations for the conservation of mass, energy, and momentum of air. The two-equation
K-epsilon turbulence model was chosen to solve turbulent flow equations. The number of cells in the
domain was approximately 1.5 million, while using hexa-unstructured geometry to discretize. For this
function, all of the element types were used to fit the mesh to the geometry. The simulation was iterated
to a convergence level of 10−3 until the solutions were stable. Additionally, a mesh refinement study
was conducted for quantifying and minimizing the error due to discretization. Four different mesh
systems, i.e., coarser, course, medium, and fine were generated, to perform the test.

The investigated parameter was the mean age of the air, indicating the average time taken for the
air to pass through the room, with a shorter time denoting higher air freshness [35]. A three-dimensional
(3D) simulation of an experimental room with the same dimensions as that shown in Figure 1 was
constructed using the ANSYS Airpak software and it is illustrated in Figure 2. Section 3.4 presents the
results of numerical study.
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2.6. Estimation of Mitigation of Electricity Use and GHG Emissions

Electricity usage directly impacts the increases in GHG emissions. Reducing electricity
consumption not only helps decrease GHG emissions, but also reduces the cost of electricity. Table 1
presents the possible options for electricity saving scenarios.

Table 1. Options for electricity saving scenario.

Appliances Unit Power (watt)
Working Time (hour)

Case A Case B Case C

Computer 6 a 450 8 8 7 b

Printer c 1 10 1 1 1
Printer (standby) 1 2.1 7 0 d 0 d

Refrigerator 1 90 24 8 e 8 e

AC 1 1000 8 7 f 4 g

Fan 1 39 0 1 h 4 h

Water dispenser 1 100 8 8 8
Light 3 28 8 7 i 7 i

Notes: Superscripts represent assumptions as follows: a the spare computer near the door was not in used; b all
computers turned off during lunchtime; c not used continuously for printing; used for approximately one hour per
day; d turned on only when in use; e no food kept in the office refrigerator overnight; f turned on from 09.00–12.00
and 13.00–17.00 (turned off during lunchtime); g turned on from 13.00-17.00; h turned on instead of AC; i turned off
during lunchtime.

The different options that are shown in Table 1 were designed in collaboration with the room
occupants, who were interested in the effect on the cost of electricity and global warming potential
(GWP) if they all agreed to try them. The duration of working without AC for Cases A, B, and C were
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aligned with Cases 1, 2, and 3 in Section 2.3, respectively. Case 4 (no AC) was not re-assessed, since its
results could be estimated from the other cases and its application was, in any event, not realistic. Case
A was a typical case, whereas Cases B and C for other appliances represented situations that were not
convenient, but feasible in practice.

3. Results and Discussion

3.1. Results of Monthly Monitoring Data

The data from 24-hour monitoring of IAQ at one-minute intervals were converted into monthly
results, as presented in Figure 3. The average RH of the office was 67.50% ± 3.98%, which was a little
over the range of the recommended standard of 65% or less [36]. Thailand is located in a tropical zone
and Thais are accustomed to a hot-humid climate, so the ambient humidity can be higher than the
recommended level for the USA [37]. However, a T of 26 ◦C and an RH of 50–60% were preferred,
according to the results of a survey of thermal comfort for air conditioned buildings in Thailand [25].
During the period studied, the Bangkok’s mean annual RH was 74% [38], which was consistent with
the wide range of outdoor RH between 34 and 78% RH, detected at 17 locations referred by the study
of Ongwandee et al. [25]. Therefore, opening the office door might only be helpful in reducing the RH
at some times.
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Figure 3. Monthly relative humidity (RH) data.

Figure 3 shows that the greatest variation in RH was apparent for the minimum values during
September and October 2017, because of the influence of outdoor air that is caused by various groups
visiting the office at that time. Reducing the RH by introducing ambient air is only practicable while
taking that the RH value can vary diurnally or hourly into consideration.

The room T was maintained close to the comfortable standard (23 to 26 ◦C) [39], consistent with
the preferred environmental conditions for Thailand established in the thermal comfort survey (26 ◦C
at 50–60% RH) [25], through the use of the AC, as shown in Figure 4. The annual country average
outside T was 27.61 ± 1.31 ◦C and high temperature was found to be higher than usual during August
to November in 2017, because of rain, so the winter started late in December [40]. The outdoor T was
usually higher, reaching more than 40 ◦C in the afternoon. The highest indoor T was detected during
September and October 2017, which was consistent with the variation in the minimum RH data, and it
was also possibly due to the number of visitors entering and leaving the office during that period.
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Figure 4. Monthly Temperature data.

The CO concentrations were measured and the data were analyzed by converting from ppm
at the local T, to the standard ppm at 25 ◦C. Figure 5 shows that the average CO concentration was
1.32 ± 0.29 ppm, while the maximum concentrations were 4.57 ppm, 4.91 ppm in September, and
October 2017, respectively. The CO detected must have originated from the ambient air outside
the room with the probability that this was associated with the parking outside the room with the
probability that this was associated with the parking area surrounding the building, since there was
no source of CO generation in the room and the minimum values were close to zero. Moreover, the
findings are also consistent with the findings related to T and RH in September and October. Further,
while fluctuations can be observed between the minimum, maximum, and average levels of CO, these
three parameters were closest in March 2018, because there were no events scheduled in that month.
Nevertheless, although the ambient air outside the office probably influenced the concentration of
CO, the level was not a significant factor in the IAQ, because it was lower than the indoor air quality
standard, (9 ppm for eight hours and 35 ppm for one hour) [37].
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Figure 6 shows that, from May 2017 to May 2018, the maximum, average (± standard deviation),
and minimum indoor CO2 concentrations were 1456.79 ppm, 600.67 ± 42.80 ppm, and 387.32 ppm,
respectively. The maximum level of CO2 was found to be above the comfortable level of 1000 ppm—as
recommended by various standards [4,11,12] in every month, except December 2017 and April 2018
(maximum values, 987 ppm and 977 ppm, respectively). The maximum 24-hour CO2 concentration
was found in January 2018, on a day when all staff members (six people) were in the office together
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with an additional four people attending a long meeting. This emphasizes that human respiration
was a significant source of indoor CO2 (generally two pounds of CO2 per day) [22]. There were no
significant fluctuation in the level of CO2 detected during September and October 2017, which implied
that the exchange of air between inside and outside the office only occurred in the area near the door,
and the stale air inside was not effectively removed, due to the lack of a ventilation system to support
the exchange process.
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3.2. Results of Simple Ventilated Practices for The Improvement of IAQ

Based on the measurements for the entire year, CO2 was the parameter that most obviously
exceeded the comfortable standard and there was no obvious method of solving this problem, which did
not involve reconstruction and the installation of a ventilation system. Therefore, this was the chosen
parameter for the experiment to test the performance of simple ventilation practices. The results for
the IAQ improvement in June 2017 between Cases A, B, and C that are shown in Table 1 corresponding
to Cases 2–4 in Section 2.3, respectively, and Case 1 (normal case) are presented in Table 2.

Table 2. Measurement results in the operational practices for the improvement of indoor air quality
(IAQ).

Parameters Case 1
(Normal)

Case 2
(AC Turned off

12:00–13:00)

Case 3
(AC Turned off

9:00–13:00)

Case 4
(AC Turned off

9:00–17:00)

Maximum CO2
concentration (ppm) 1167.09 934.56 904.21 488.07

Average CO2 (± SD)
concentration (ppm)

785.05
(67.94)

759.30
(111.66)

700.75
(164.60)

472.10
(10.02)

Minimum CO2
concentration (ppm) 556.13 565.06 526.60 457.17

T (◦C) Average Standard
= 23–26 ◦C [38] 25.3 26.1 27.9 33.8

RH (%) Average
Standard = 65% [30] 68.7 71.7 71.6 69.4

CO (ppm) Average
Standard = 9 ppm [36] 1.81 1.92 4.61 5.83
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Reductions of 19.9%, 22.5%, and 58.2% of the maximum CO2 concentrations were found by
turning off the AC during lunchtime (12:00–13:00, Case 2); in the morning (9:00–13:00, Case 3); and.
during the full working time (9:00–17:00, Case 4), respectively, as can be deduced from Table 2. In all
cases, the concentrations of CO2 were reduced below the comfortable standard (1000 ppm) [4,11,12].
Cases 2 and 3 were able to reduce the maximum concentration of CO2 by almost the same amount.
The concentration of CO2 was being reduced when the air conditioning was more time inactive
because the air inside and outside the room could be exchanged due to the door leading to the opened
corridor. More time opening the door resulted in more time for air to be exchanged. Higher CO2 in
the room was released into the ambient air then plants could lower CO2 in the ambient air through
photosynthesis process.

The measured values are in agreement with research that was conducted in 21 offices, in Taiwan
in which the CO2 levels were measured while using a Q-TRAK indoor air quality tester (Model 7575,
TSI Corporation, Bangkok, Thailand)) with an average level of 708.2 ± 190.5 ppm, a maximum level
of 1193.6 ppm, and a minimum level 464.0 ppm [11]. The normal case results were consistent with
the indoor CO2 level in Thai classrooms, which was measured by the similar method using Indoor
Air Quality Meters (IAQ-CALCTM) Model 8760/876, a real time monitoring device that used a dual
wavelength non-dispersive infrared sensor (NDIR) for CO2 and Electro chemical sensor for CO by
frequency of five minutes. The average CO2 concentration in classroom 1 (carpet) was 711 ± 272 ppm
and classroom 2 (wooden) was 1332 ± 609 ppm [41].

The statistical analysis results by One-Way ANOVA found that the result was significant at
p = 0.002223 (p < 0.05) and the f -ratio value was 5.18726. This result means concentrations of CO2 were
different among four cases.

The T and RH were also measured to check whether they aligned with the comfort standards.
Figures 7 and 8 present the results of T and RH, respectively.
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From Figure 7, case 2 would be the optimum choice if the occupants of the room preferred not to
work under hot condition. The T in Case 3 exceeded the comfortable standard, but it did not reach
28 ◦C, the level with which 80% of Thai workers have been found to be comfortable [42]. Thus, the
adoption of Case 3 would have to be based upon the agreement of all the occupants of the room.
The values of T between Cases 3 and 4 are visibly different because the ambient T in the afternoon is
higher than that in the morning. Certainly, the greatest saving of electricity can be achieved by not
using AC at all during working hours, but it is not a realistic option with a working temperature of
over 30 ◦C for 7–8 hours [35], which would be likely to affect work performance. From Figure 8, the
RH was lower in the air conditioned room, so the skin would be dried when you stayed for a long
time. If the door was opened in Case 2–4, the RH was increased in the room to be more comfortable.
The monitored wind velocity in front of the room was 0.05 ± 0.04 m/s, which was calm wind that
mostly blew from southwest and west direction. The door was in the west, so the mild wind entered
the room to comfort people and exchanged the air between inside and outside the room to reduce CO2.

Energy saving from turning off air conditioner was calculated. The air conditioner size 36,000
BTU/Hour (international) was converted into 10.55056 kWh. For case 2, the air conditioner was
turned off one hour for 238 working days (not including special holiday 24 days and weekend 104
days in Thailand 2020). The conversion factor of Thailand grid mixed electricity year 2016–2018
was 0.5986 kg CO2eq/kWh (LCIA method IPCC 2013 GWP 100a V1.03, Thai National LCI Database,
TIIS-MTEC-NSTDA (with TGO, Electricity 2016–2018) updated in December 2019) [43]. Therefore, we
can reduce CO2eq emission for 1503.10 CO2eq per year.

3.3. Results of Using Sansevieria trifasciata for IAQ Improvement

Table 3 presents the results of monitoring the parameters that are relevant to IAQ during the
experimental placement of mother-in-law’s tongue plants in the poorly ventilated room.

Table 3. Results of indoor air quality improvement using Sansevieria trifasciata.

Number of Plants 0 Plants 2 Plants 3 Plants 4 Plants 5 Plants 6 Plants

CO2 (ppm)

Min 491.15 468.55 470.87 475.83 467.92 465.08

Avg 681.32 ±
136.59

549.91 ±
52.46

531.52 ±
58.40

583.48 ±
103.08

588.22 ±
115.67

609.98 ±
60.81

Max 1133.30 1029.27 770.12 902.67 1072.43 1037.10

CO (ppm)
Min 0.97 0.98 0.98 0.98 0.95 0.90
Avg 1.05 ± 0.06 1.20 ± 0.16 1.17 ± 0.13 1.14 ± 0.14 1.01 ± 0.03 1.00 ± 0.02
Max 1.30 1.90 1.92 1.57 1.25 1.17

RH (%)

Min 52.00 46.00 62.00 57.00 64.00 63.00

Avg 64.23 ±
2.98

140.53 ±
2.21

66.00 ±
1.23

67.29 ±
1.67

69.11 ±
0.92

68.07 ±
1.75

Max 72.00 72.00 71.00 70.00 76.00 73.00

T (◦C)

Min 24.38 24.55 24.61 24.17 24.65 24.58

Avg 26.61 ±
1.72

27.55 ±
1.72

28.02 ±
1.49

27.39 ±
1.98

27.20 ±
1.82

26.79 ±
1.73

Max 28.67 29.72 29.62 29.64 29.50 29.64

Table 3 shows that the average concentration of CO2 was decreased by placing 2, 3, 4, 5, and
6 mother-in-law’s tongue plants in the office as compared to there being no plants in the room, as
can be visually observed in Figure 9. The concentration of CO2 in the room was not varied by the
number of plants, but influenced by temperature of the room. This means if the door is opened, the
temperature will be high and the CO2 concentration will be reduced. Closed chamber is required to
control infiltration and ventilation to only consider the influence of plant on indoor CO2.
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From Figure 9, it can be seen that there was an increasing trend in CO2 concentrations from 9:00 to
15:00, after which they declined to an ambient air concentration at 473.23 ± 8.66 ppm. The reductions
in the percentage CO2 concentrations with 2, 3, 4, 5, and 6 of S. trifasciata when compared to no plants
being placed in the office were 19.29%, 21.99%, 14.36%, 13.66%, and 10.47%, respectively. The overall
average CO2 decreased by 15.95 ± 4.13%, which was slightly (±4%) lower than the reduction that
was achieved in Case 2 by turning off the AC during lunchtime. The statistical analysis by One-Way
ANOVA results was significant at p = 0.009132 (p<0.05) and f -ratio value is 3.53877. The results are
different among treatments. However, the result of statistical analysis to compare between Case 2
(turned off AC at noon) and 3–6 indoor plants found p = 0.061, so it is not significant at the 95%
confidence level. Therefore, reducing indoor CO2 could be done by turning off air conditioner and
opening the door during lunch hour, or by planting S. trifasciata in offices because there was no
difference from statistical analysis results.

These results were consistent with those of other studies, which have found that plants could
reduce indoor CO2 concentrations [44,45]. Therefore, during the daytime, human respiration is clearly
the key factor in increasing the CO2 concentration, while ventilation is the main factor in decreasing
the level of CO2 in a room. Hence, the number of people in the room and their activities are the main
drivers of the CO2 concentration. Thus, the concentration of CO2 is not directly related to the number
of plants that are placed in the room. It was found that the respiration of plants during the night had no
effect on the CO2 concentration when compared with no plants in the room with a declining trend in
CO2 to the same level among different options from 0–6 mother-in-law’s tongue plants being apparent.

The envelope air permeability of the room was the air passing through 2–3 millimeters around
the door, which was caused by damage of the sealed material. The infiltration rate of the room was
considered from the CO2 concentration when there was no plant in the room to avoid the effect from
photosynthesis or respiration of plant and microorganism in soil. The maximum rate was found at
around 17:00–18:00 when people went back after finish working. The average maximum value of
ventilation rate was 0.0152±0.0006 m3/s. The maximum infiltration was found at 0.0162 m3/s.

3.4. Results of The Simulation

As noted above, the stale air inside the room might not be properly ventilated and this section
presents the results of the computer simulation generated to explain that hypothesis, as shown in
Figure 10.
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(b) fan mounted on the ceiling was turned on.

Figure 10 shows the comparative results for the mean age of air when the fan mounted on the
ceiling is turned off (Figure 10a) and turned on (Figure 10b). The electric fan was only used when the
AC was switched off so there was no effect from the AC on the movement of air in this simulation.
The average mean age of the air in Figure 10a,b were 747 s and 164 s, respectively. Thus, the efficiency of
mixing the air by a 39-watt ceiling fan, from which the volume of air blown is 30 m3/min., is improved
by approximately four times. Moreover, the exchange of air between the inside and outside of the room
only occurred in the area near the door, and the stale air (i.e., that with the highest concentration of CO2

from human exhalation) was retained inside of the room, and this is clearly illustrated in Figure 10a.
The fan needs to be used for mixing air and the door must be opened, as shown in both

Figures 10a and 10b, since otherwise there will be no movement of air near the door, as presented
in Figure 10a. Thus, the ventilation is undoubtedly much better when compared to when the AC is
turned on when the door is closed. This finding should encourage room occupants to sometimes apply
general ventilation to increase the IAQ.

A mesh refinement study was performed based on four grids, i.e., coarser, coarse, medium, and
fine grid, with approximately 0.4–0.5 million, 0.8–0.9 million, 1.4–1.5 million, and 1.6–1.8 million cells,
respectively, to minimize and ensure that the error was below the tolerance level. The average mass
flow rate in the room was used for comparison of the meshes. The differences between fine grid
and the other grids (coarser, coarse, and medium grids) are about 7.4%, 3.6%, and 1.7%, respectively.
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The performance of the medium grid, selected for the simulation of this numerical study, was not
significantly different to the fine one, and it was concluded as the suitable option.

3.5. Mitigation of GHG Emissions

Table 4 summarizes the reduction in electricity costs and hence GWP for the three
experimental cases.

Table 4. Estimation of mitigations of greenhouse gas (GHG) emissions based on the electricity
saving scenarios.

Appliances Case A Case B Case C

Electricity costa GHGsb % %
PC 5356.8 604.4 3118.2 0.0 −8.1

Printer 5.0 0.6 2.9 0.0 0.0
Printer (standby) 3.1 0.4 1.8 0.0 0.0

Refrigerator 535.7 60.4 311.8 −4.3 −4.3
AC 1984.0 223.8 1154.9 −3.0 −12.0
Fan 0.0 0.0 0.0 0.1 0.5

Water dispenser 198.4 22.4 115.5 0.0 0.0
Light 166.7 18.8 97.0 −0.3 −0.3
Total 8249.6 930.7 4802.1 −7.5 −24.3

Notes: Cases A, B, and C are detailed in Table 1. Superscripts: a electricity cost per unit varies from month to month.
The cost was averaged from the annual bill based on a figure of 3.96 Baht per kWh; b The GWP is calculated based
on IPCC guidelines [46]. The emission factor for electricity production in Thailand is 0.5821 kgCO2-eq [47].

When the feasible measures for the electrical appliances in the office were applied representing
Case 2/B with the AC turned off from 12.00–13.00, or as in Case 3/C with the AC turned off from
9.00–13.00, the electricity cost and GWP can be reduced by 7.5% and 24.3%, respectively. AC is
generally accepted as the largest consumer of electrical energy per unit and, thus, contributes most to
the emission of GHGs. However, the total amount of electricity that is used by computers is higher
due to the number of computers in the office (6 units). Overall therefore, since computers consume the
greatest amount of energy, turning them off for only one hour per day during lunchtime can help to
reduce the overall electricity consumption by almost 10%. However, this option was least convenient
as compared to other choices, based on the opinion of the room occupants. The different practices
relating to computers and the AC are the reason why the reductions that result from Cases B and C are
so great.

Therefore, the methods that were investigated in this study to reduce electricity consumption
and GWP would be feasible means of mitigating costs by reducing the usage of appliances in offices
and could be adopted and implemented in energy saving plans in universities and other workplaces.
However, it should be noted that the figures that are presented in Table 4 are only the estimated values,
and based on the power ratings (wattage) of the various devices. The actual electricity consumption
also depends on the settings actually used (such as standby mode for computers and T settings of the
AC and refrigerator). In general, by observation, there is unlikely to be a significant effect from the
adjustment of the T setting of the AC based on seasonal variation (i.e., the T setting is not varied during
the year based on the outside temperature). More accurate data could be obtained if an electricity
meter was installed in each room to monitor the actual electricity consumption in different scenarios.

4. Conclusions

This study conducted measurements of four IAQ parameters i.e., T, RH, CO, and CO2, in a
small room with six occupants and found that the levels of some of the parameters exceeded the
recommended levels, particularly the level of CO2, the source of which was human respiration.
Therefore, the number of occupants in the room and its ventilation efficiency are the key factors for the
CO2 concentration. Poor conditions (i.e., a CO2 concentration of over 1000 ppm) were not detected
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after the simple mitigation practices were implemented. However, T is a significant factor that must
be taken into consideration in the adoption of measures to reduce electricity consumption. Without
reconstruction of the office space and the installation of a ventilation system, Case 3/C was the best
option with good IAQ, and it would achieve a reduction of electricity consumption of 24.3% based on
the situation without taking any mitigating action. Moreover, this system would be feasible with the
agreement of all members of staff working in the office. Another feasible option for CO2 reduction
was placing mother-in-law’s tongue plants in the office. The average reduction in the CO2 level based
on using between two and six plants was almost 16%, which rendered the CO2 concentration within
the standard comfortable level of 1000 ppm. However, human activities are the key factor in the CO2

concentration in a room, not the number of plants. The data that were derived from measuring the
actual IAQ parameters in various scenarios and the results of the computer simulation are helpful
in identifying and promoting simple practices that aimed at achieving good IAQ while reducing
electricity costs and, hence, GWP in office situations. Further research should be directed towards
measuring other IAQ parameters, and the causes of SBS, which are possibly associated with the CO,
particulate matter, and VOCs in car exhaust fumes.
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